Abstract. Vitexins, isolated from the seeds of the Chinese herb Vitex negundo, is known to exert antitumor activity in cancer xenograft models and cell lines. The aim of the current study was to examine whether the Akt/forkhead box protein O3a (FOXO3a) pathway mediates the biological effects of purified vitexin compound 1 (VB-1) in hepatocellular carcinoma (HCC) cells. The effect of VB-1 on the viability of the HCC cell lines HepG2, Hep3B, Huh-7 and the human embryonic liver cells L-02 was investigated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Growth inhibition was assessed by clonogenic assay, and cell cycle arrest was investigated using flow cytometry. Inhibition of angiogenesis was evaluated using a matrigel in vitro HUVEC tube formation assay. The effects on the Akt/FOXO3a pathway were detected by western blotting. VB-1 suppressed the proliferation of HepG2, Hep3B, Huh-7 cells, but had little effect on L-02 cells. VB-1 inhibited anchorage-dependent and -independent HepG2 cell growth in a concentration-dependent manner by induction of cell cycle arrest at G1/G0. VB-1 also reduced the secretion of vascular endothelial growth factor (VEGF), resulting in the inhibition of endothelial tube formation. Phosphorylated Akt and its downstream effector FOXO3a were downregulated in VB-1-treated HepG2 cells. Knockdown of Akt1 by small interfering RNA (siRNA) enhanced growth inhibition, and silencing FOXO3a by siRNA attenuated this action. VB-1 inhibited growth and induced cell cycle arrest at G1/G0 by regulating the Akt/FOXO3a pathway. The findings suggested that VB-1 is a potentially promising candidate for the treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the most common cause of cancer mortality worldwide (1) . Potentially curative treatments include hepatic resection, liver transplantation, microwave coagulation and radiofrequency ablation. Palliative therapy involves transarterial chemoembolization (TACE), systemic chemotherapy and targeted therapy with sorafenib (2, 3) . Liver transplantation and surgical resection improve survival in patients with small, non-invasive and non-metastatic tumors. However, there are still no effective treatment for advanced disease (4, 5) .
Lignans are a group of complex polyphenolic antioxidants found in plants. Clinical studies suggest that lignans are one of the most promising classes of dietary agents for cancer prevention (6, 7) . A number of lignans have been investigated in preclinical tumor xenograft models, prospective and casecontrol epidemiologic studies, and in some clinical trials (6) (7) (8) (9) (10) . In the absence of data from randomized clinical trials, it is not known whether lignans can reduce cancer growth. However, several biomarker-based neoadjuvant trials have demonstrated that dietary intake of flaxseed lignan inhibits tumor cell proliferation and induces apoptosis (7, 11) . Results of a large prospective study demonstrated an association between high dietary lignan intake and reduced risk of breast cancer (10) . Previously, it was reported that isolation of a unique class of vitexins, neolignan compounds from the seed of Vitex negundo, a Chinese herb (12) , and vitexin compound 1 (VB-1), the purified vitexin compound-1 (a neolignan compound), had potent cytotoxic effects in various cancer cell lines (12) . However, the molecular mechanisms by which VB-1 induced growth inhibition in HCC cells remain to be clarified.
Constitutive activation of Akt has been shown to be associated with increased cell growth, proliferation and angiogenesis (13) (14) (15) . Overexpression of Akt has been reported in a variety of human cancers, including HCC. Cells that express elevated level of phosphorylated Akt protein, negatively regulate forkhead transcription family members, in particular forkhead box protein O3a (FOXO3a) (16) (17) (18) (19) . These FOXO proteins indirectly inhibit cell growth and angiogenesis (20) .
Findings of recent studies have demonstrated that the ampli-fication or activation of Akt is required for the growth and survival of HCC cell lines (21, 22) , supporting the participation of an activated Akt pathway in the tumorigenesis of HCC.
FOXO3a is a forkhead/winged helix box class O (FOXO) transcription factor that is involved in a variety of cell processes such as cell cycle progression, stress detoxification, DNA damage repair, glucose metabolism and differentiation (23) . It is regulated by a number of mechanisms, including phosphorylation. Phosphorylated FOXO3a proteins have been shown to bind to 14-3-3 chaperone proteins causing them to become sequestered in the cytoplasm, where they are unable to regulate gene expression. When active, FOXO3a induces cell cycle arrest and apoptosis, by negatively mediating angiogenesis signaling and acting as an anti-proliferative factor.
Studies in mammalian cells have identified FOXO3a as a target gene that regulates other genes such as survivin, p27 Kip1 , p21 and vascular endothelial growth factor (VEGF) (24) . FOXO3a transcription factors are known to be cellular targets of antitumor drugs used to treat HCC (25) and chronic myeloid leukemia (26) . However, whether VB-1 induces cell cycle arrest and angiogenesis inhibition in HCC cells by regulating FOXO3a transcription factor has yet to be determined.
In this study, we investigated the anticancer activity of VB-1 and analyzed its underlying molecular mechanisms. The results demonstrated that VB-1 selectively induces cytotoxicity in HCC cells. It inhibits phosphorylation of Akt and FOXO3a transcription factor, leading to cell cycle arrest and inhibition of angiogenesis.
Materials and methods
Cell lines and cell culture. Human HCC cell lines Hep3B, Huh-7 and HepG2 and human embryo liver L-02 cells were purchased from the China Centre for Type Culture Collection (CCTCC, Wuhan, China). The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen-Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 U/ml streptomycin and were kept in a humidified atmosphere with 5% CO 2 at 37˚C.
Reagents. VB-1 (6-hydroxy-4-(4-hydroxy-3-methoxyphenyl)-3-hydro-methyl-7-methoxy-3,4-dihydro-2-naphthaldehyde) was purified from EVn-50, a mixture of lignan compounds from Vitex negundo seed, as described previously (12) . MTT assay. Cells were seeded in a 96-well plate at a density of 0.5x10 4 cells/well and maintained in serum-free medium for 24 h. Various concentrations of experimental agents were added to each well and cultured for 48 h, followed by incubation with media containing 0.5 mg/ml MTT for 4 h. The supernatant was removed by centrifugation (1,000 rpm, 5 min) DMSO (100 µl) was added and absorbance at 570 nm (A 570 ) was measured using an enzyme-labeling instrument (ELX-800 type; Bio-Tek, Shanghai, China). The relative cell viability rate was calculated as: (average A 570 of the experimental group/average A 570 of the control group) x100%.
Clonogenic assay. Cells were plated in 24-well plates at a density of 300 cells/well for 24 h, prior to the addition of various concentrations of experimental agents. After 48 h the drug-containing medium was removed and replaced with complete growth medium. The medium was then replaced every 3 days for 7-10 days until visible colonies formed. Colonies were simultaneously fixed and stained with 0.5% crystal violet in methanol. Individual stained colonies in each well were manually counted and the colony formation fraction was calculated as: colony number/(number of cells seeded x plating efficiency). Plating efficiency was estimated as the colony number divided by the number of cells seeded in the drug-free medium.
Soft agar cloning assay. The base layer consisted of 0.6% lowgelling point SeaPlaque agarose in complete DMEM culture medium. Soft agar consisting of 0.3% SeaPlaque agarose in complete DMEM culture medium was mixed with 1x10 4 HCC cells and plated on top of the base layer in a 60 mm diameter culture dish. Soft agar cultures were maintained at 37˚C and observed with a Leica DMI 4000B microscope imaging system to evaluate colony counts.
Cell cycle analysis by flow cytometry. Cells were plated in 6-well plates at a density of 1x10 6 cells/well for 24 h, prior to the addition of various concentrations of test agents. After 24 h the cells were harvested, and DNA content was stained for 15 min at 37˚C with a solution containing 0.4% Triton X-100 (Sigma), 50 µg/ml of PI (Sigma), and 2 µg/ml of DNase-free RNase (Roche, Indianapolis, IN, USA). The plates were then analyzed for cell cycle perturbation using a FACSCalibur system (FACS 420; Becton-Dickinson, Franklin Lakes, NJ, USA). The CellQuest program was used to quantify the distribution of cells in each cell cycle phase: G1, S and G2/M. Western blot analysis. Western blot analyses were performed as described previously (12) . In brief, cells were lysed in RIPA buffer containing 1X protease inhibitor cocktail. Protein concentrations were determined using the Bradford assay (Bio-Rad, Philadelphia, PA, USA). Proteins were separated using 10-12.5% SDS/PAGE and transferred to membranes (Millipore, Bedford, MA, USA) in a Tris (20 mM), glycine (150 mM) and methanol (20%) buffer at 55 V for 4 h at 4˚C. After blocking in 5% non-fat dry milk in TBS, the membranes were incubated with the primary antibodies at 1:1,000 dilution in TBS overnight at 4˚C. The membranes were then washed three times with TBS-Tween-20, and incubated with secondary antibodies conjugated with horseradish peroxidase at 1:5,000 dilutions in TBS for 1 h at room temperature. The membranes were washed another three times in TBS-Tween-20 at room temperature. Protein bands were visualized on X-ray film using an enhanced chemiluminescence detection system.
Determination of VEGF.
Cells were seeded in 6-well plates (1.0x10 5 cells/well) and incubated at 37˚C. After 24 h, the cell culture supernatant was collected, and the cells were counted after trypsinization. After collection, the medium was centrifuged at 800 x g for 3 min at 4˚C to remove cell debris. The supernatant was frozen at -20˚C for subsequent VEGF assay or assayed immediately using commercially available ELISA kits (R&D Systems, Minneapolis, MN, USA).
Matrigel in vitro endothelial tube formation assay. Cells were cultured in serum-free DMEM for 24 h. The conditioned media were collected, centrifuged, and transferred to fresh tubes and stored at -20˚C. Growth factor-reduced Matrigel (125 µl), was thawed on ice, and plated in a 6-well plate. The plate was then incubated at 37˚C for 30 min to allow the Matrigel to polymerize. HUVECs were trypsinized and seeded (5x10 4 cells/well) in each well with 250 µl of conditioned medium from VB-1-treated or non-treated control HepG2 cells. The plate was incubated for 6 h. Each well was photographed using an inverted microscope with digital camera. The assessment of the vessel number of the vessel perimeter in each field was calculated using the Scion Image analysis program.
Statistical analysis. Statistical analysis was performed using Prism statistical analysis software (GrafPad Software, Inc., San Diego, CA, USA). The data are presented as means ± standard deviations of experiments performed in triplicate for each experimental group. Differences between groups were analyzed by one-or two-way analysis of variance (ANOVA), followed by Bonferoni's multiple comparison tests.P<0.05 was considered to indicate statistical significance.
Results

VB-1 inhibits the growth of human HCC cells. VB-1 has
been shown to inhibit the growth of several cancer cell lines, including HCC cells (12) . Therefore, its effects on cell viability in the HCC cell lines HepG2, Hep3B and Huh-7 were examined using an MTT assay. Fig. 1A shows that VB-1 inhibited cell viability in a concentration-dependent manner. The HepG2 cell line was most sensitive, the Hep3B cell line was moderately sensitive, and the Huh-7 cell line was least sensitive. VB-1 had little effect on the human embryo liver L-02 cell line. These data suggested that VB-1 is likely a selective agent that inhibits HCC cell proliferation.
We examined the effects of VB-1 on colony formation of the HCC cell line HepG2 on agar plates and showed that VB-1 inhibited anchorage-dependent growth in a dose-dependent manner (Fig. 1B and C) . Additionally VB-1 inhibited colony formation in a dose-dependent manner in a soft agar assay ( Fig. 1D and E) . These data suggest that VB-1 acts as a potent chemopreventive agent for HCC.
VB-1 arrests the cell cycle at the G1/G0 phase in HepG2 cells.
It has been previously demonstrated that VB-1 is capable of inducing G1/G0 phase arrest in breast cancer cells (12) . Therefore, we investigated whether a similar effect occurs in HepG2 cells. The effect of VB-1 on the cell cycle was determined using FCM analysis. VB-1 resulted in an accumulation of cells in the G1/G0 phase (Fig. 2) . This concentration-dependent effect suggests that VB-1 induces cell growth inhibition in HepG2 cells via G1/G0 phase arrest.
VB-1 decreases PI3K and Akt phosphorylation in HepG2 cells.
Akt is constitutively active in most cancer cells, and it enhances cell proliferation (27) . In order to understand the correlation between PI3K/Akt and VB-1-induced growth inhibition, we determined the expression of protein phosphorylation of PI3K and Akt in cells exposed to VB-1. VB-1 resulted in slight inhibition of PI3K phosphorylation in HepG2 cells (Fig. 3A) and relatively marked inhibition of Akt phosphorylation (Fig. 3B ). VB-1 had no effect on total PI3K and Akt expression ( Fig. 3A and B) . These data suggest that VB-1 inhibits cell proliferation by inhibiting PI3K and Akt phosphorylation.
To investigate the role of Akt in VB-1-mediated growth inhibition, we used a siRNA that specifically silences Akt. Expression of siRNAs silence gene expression resulting in functional inactivation (6,7). Western blotting showed that Akt was downregulated after transfection with a siRNA that targeted Akt in HepG2 cells (Fig. 3C ). In addition, siRNA Akt enhanced the ability of VB-1 to inhibit cell viability in HepG2 cells (Fig. 3D) . These results suggested that VB-1-mediated Akt signaling inhibition may contribute to growth inhibition of HepG2 cells.
VB-1 regulates the expression of phosphorylated FOXO3a
and downstream target genes associated with cell cycle regulation. Akt kinase has been shown to regulate the phosphorylation of FOXO3a protein (28, 29) . The phosphorylation of FOXO3a proteins was determined using western blotting. VB-1 inhibited the phosphorylation of FOXO3a protein.
However, VB-1 had no effect on the total protein of FOXO3a expression (Fig. 4A) .
Downregulation of FOXO3a by siRNA transfection reduced the expression of FOXO3a protein, as confirmed by western blotting (Fig. 4B) . Additionally, VB-1 inhibited the viability of HepG2 cells, and inhibition of FOXO3a expression by siRNA suppressed VB-1-induced growth inhibition (Fig. 4C) . These results suggested that VB-1 inhibited growth by regulating FOXO3a.
The effects of VB-1 on cell cycle regulatory genes were also examined. VB-1 induced the expression of the cell cycle inhibitors p21 CIP1 , p27
Kip1 and inhibited cyclin D1 expression in HepG2 cells (Fig. 4D) . These results suggested that VB-1 induced growth arrest by regulating the expression of cell cycle genes.
Conditioned medium from cells exposed to VB-1 inhibits VEGF activity and tube formation of HUVECs induced.
FOXO3a has been shown to regulate VEGF signaling in various cell types (30) . To determine whether VB-1 reduces VEGF protein expression and activity by activating FOXO3a, we examined the levels of VEGF protein expression and activity in culture medium. The results showed that VB-1 reduced VEGF protein expression and decreased the levels of VEGF secreted in the culture medium (Fig. 5A and B) . However, there was a marked increase in the activity of VEGF in FOXO3a siRNA transfected HepG2 cells (data not shown).
It has been suggested that the activation of FOXO3a transcription factor is an important physiological process that inhibits angiogenesis and ultimately controls tumor growth (31) . FOXO3a has been shown to inhibit angiogenesis and metastasis in certain tumor models (22) . Since VB-1 inhibited VEGF expression and secretion in HepG2 cells, we examined whether conditioned media from VB-1-treated cells were able to reduce tube formation, which is an indirect measure of angiogenesis. An in vitro tube formation assay was performed in growth factor-reduced Matrigel. Conditioned media from VB-1-treated cells significantly reduced tube formation of HUVECs after 6 h incubation compared with the medium from control cells (Fig. 5C and D) . By contrast, conditioned media from FOXO3a siRNA-transfected HepG2 cells increased tube formation of HUVECs after 6 h incubation compared with the medium from control siRNA-transfected cells (data not shown).
Discussion
Surgery, chemotherapy, and radiotherapy are generally used to treat HCC, however, no effective therapy for advanced HCC is currently available. Thus, there is a need to identify other therapeutic agents against this disease. VB-1, the purified vitexin compound 1 present in Vitex negundo seed, has been shown to exert anticancer activity and to be associated with low toxicity (12) . In the present study, we showed that VB-1 suppressed the proliferation of HCC cell lines HepG2, Hep3B, Huh-7, but had little effect on L-02 cells. Additionally, VB-1 significantly inhibited the anchorage-dependent and anchorage-independent growth of HepG2 cells in a concentration-dependent manner by inducing cell cycle arrest at G1/G0. VB-1 also reduced the secretion of VEGF, resulting in inhibition of the endothelial tube formation. To the best of our knowledge, we have shown for the first time that VB-1-induced growth inhibition and cell cycle arrest are mediated by regulation of the Akt/FOXO3a pathway. The Akt pathway is crucial in sustaining survival against the programmed death in cancer cells. It has been widely shown that hyperactivation of Akt is a common event in many human cancer types, and activation of the PI3K/Akt pathway has been reported to contribute to chemotherapy resistance (32) (33) (34) . This pathway, therefore, is an important target for anticancer therapies. Identification of a safe and effective therapeutic inhibitor of PI3K or Akt continues to be a challenge. This study has demonstrated that VB-1 inactivates Akt, which, in turn, reduces the phosphorylation of FOXO3a, leading to an increased expression of downstream target genes, such as p21 and p27, and a decreased expression of cyclin D1 exprotein. Upregulation of p21 and p27, which bind to CDK2/CD4, have previously been shown to sequester the procedure involved in cell cycle arrest (35, 36) . This was also demonstrated in our study using VB-1-treated HepG2 cells. In-depth studies are required to clarify whether VB-1 is a direct or indirect inhibitor of Akt. However, the pharmacological and toxicological profiles of VB-1 partly revealed in this study, as well as its in vivo effectiveness in inhibiting xenografted tumor growth (12) , suggest that the compound may become an antiAkt candidate for HCC therapy.
In conclusion, taken together our results demonstrate that VB-1 induces cell cycle arrest and growth inhibition by the inactivation of Akt which in turn regulates a FOXO3a transcription factor. Genetic inhibition of Akt pathways are known to have synergistic effects on the activation of FOXO3a transcription factor through dephosphorylation. Thus, VB-1 appears to be an attractive agent for the prevention and treatment of HCC.
